We discuss the design and performance of an airborne (underwing) in-line digital holographic imaging system developed for characterizing atmospheric cloud water droplets and ice particles in situ. The airborne environment constrained the design space to the simple optical layout that in-line non-beamsplitting holography affords. The desired measurement required the largest possible sample volume in which the smallest desired particle size (∼5 μm) could still be resolved, and consequently the magnification requirement was driven by the pixel size of the camera and this particle size. The resulting design was a seven-element, double-telecentric, high-precision optical imaging system used to relay and magnify a hologram onto a CCD surface. The system was designed to preserve performance and high resolution over a wide temperature range. Details of the optical design and construction are given. Experimental results demonstrate that the system is capable of recording holograms that can be reconstructed with resolution of better than 6:5 μm within a 15 cm 3 sample volume.
Introduction
Small cloud droplets and ice particles have largely been measured by airborne in situ probes that measure particles one at a time. Although this type of measurement yields answers to many science questions, it says little about the immediate environment of individual cloud particles or the small lengthscales in which important cloud processes occur, e.g., collision-coalescence, turbulence-induced particle clustering, inhomogeneities in light scattering due to local variations in size and spatial distributions, local ice-and liquid-particle partitioning in mixed-phase clouds, etc. To understand these cloud processes there is a need to observe particles in their local environment and on length-scales that are physically relevant.
To measure a statistically relevant cloud particle size distribution, of the order of 10 3 particles need to be measured that would give a ∼10% statistical uncertainty in 10 size bins. For the purposes of this paper, we apply the name cloud particles (liquid and ice) to the diameter range from ∼2 μm to 100 μm, above which we consider them precipitation particles that proceed in cloud processes with different dynamics. With a typical cloud concentration of the order of 100 particles cm −3 in this diameter range, a sample volume of ∼10 cm 3 is required. A spatially localized and instantaneous measurement of this 10 cm 3 sample volume contains information about the immediate environment and neighboring particles of the whole ensemble of particles.
Measuring an ensemble of small particles in a sample volume was one of the first practical applications of holography. The technique, invented in 1948 by Dennis Gabor [1] , allows for the reconstruction of wavefronts in three-dimensional (3D) space. The layout for a simple in-line hologram is shown in Fig. 1 . Holography records phase information by introducing a background or reference wave, which converts phase differences into intensity differences. It is a two-step process in which the interference pattern between the object field and the reference wave is formed and recorded on photographic material or electronically (e.g., with a CCD). After the photographic material is developed, the object wave can be reconstructed optically by illuminating the hologram with the reference beam or, in the case of a digital image, reconstructed numerically on a computer. The reconstructed images can be used to determine the size distribution within the sample volume and contain information about the particlerelative 3D positions and shape. This is another advantage over light-scattering, one-at-a-time, particle-measurement methods, which are widely and traditionally used for airborne particle measurements and must make assumptions about particle composition and shape to infer the particle size.
Airborne holographic instruments for measuring cloud particles have been implemented in both film (or glass photographic plate) forms [2] [3] [4] and digital forms [5, 6] . Additionally, ground- [7, 8] and laboratory-based [9] instruments for measuring natural cloud particles and precipitation-or laboratoryformed cloud particles have been used. Digital holography offers the significant advantage of acquiring and storing holograms rapidly; however, a significant constraint is the pixel count and resolution of the imaging devices. The few airborne instruments that employed digital holography did not capture volumes large enough to estimate cloud particle size distributions from a single hologram with good statistics. To our knowledge, the only existing airborne holographic instrument for cloud particles, digital or otherwise, is the one developed with the optical system described in this work.
The main objective of this project was to develop a digital holographic imaging system-suitable for aircraft studies-with a sufficiently large volume that a statistically relevant size distribution can be obtained within a single spatially localized volume.
Design Considerations
When developing a new instrument, there are many factors that define and constrain the design space. For this development, the most stringent design considerations were the severe airborne environment and the need for sampling the largest possible volume while still resolving the desired smallest particle. Relevant considerations of the former constraint include high-vibration, temperature and pressure swings, condensation and deposition on optics, limited power for heating, low mass and compact space, and aerodynamic requirements. For example, on a typical jet aircraft, the air speed is ∼200 m s −1 and can cause the impaction and shattering or splashing of particles on the probe body (the particles we desire to measure). The latter requirement, regarding sample volume and resolution, is equally challenging, requiring a high NA design suitable for capturing the diffracted light of the smallest particles over a large field-of-view. The field-of-view requirement generally means larger lenses while the high NA generally requires tighter tolerances on lens surface quality and mounting. Lastly, there is the limited budget in which to design, acquire, and assemble the lenses and their mounts.
The foregoing constraints require a compact, lowweight system that will not lose alignment with the vibration, temperature, and pressure swings, and will be mechanically stable enough to meet standards required for Federal Aviation Administration (FAA)-certified aircraft. Furthermore, the probe body requires a design that will minimally disturb the flow and will deflect shards of shattered particles away from the sample volume. Therefore, the sample volume must be located as near the leading edges as possible. These constraints make systems with complex beam paths (such as those with beam splitting and beam recombining) impractical. For this reason, we chose an in-line, non-beam-splitting configuration similar to Gabor's first system [1] . An in-line configuration means that the angle between the scattering and reference beam is 0°, which does not preclude splitting and recombining at 0° [ 10, 11] . By "non-beam-splitting," we mean that the scattered and reference beams remain on the same axis throughout the system. We also chose to use digital holography as opposed to film for the usual reasons of convenience of data recording and processing and also for compactness and robustness. We did this despite knowing film is still orders of magnitude larger in field-of-view, and an order of magnitude better in resolution than digital holography [12] .
The choice of in-line, non-beam-splitting holography has two advantages other than simplicity of setup. First, the entire hologram can be used to search for particles where off-axis holography has a sample area smaller than the full hologram to avoid the overlap of real and virtual images [11] . Also, a lower resolution is acceptable with in-line holography, because the "carrier wave" that occurs in off-axis holography between the reference and object waves [12] does not need to be resolved. Disadvantages include the overlap of the virtual and object images, which grows worse with larger particle size and particles appearing closer to the hologram. Also, with in-line, non-beam-splitting holography, there are limitations in particle density and particle size before too much Reference plane wave illuminates an object field-in this case, single particle located at z from an image plane. Diffracted light from particle and reference wave interfere at image plane. Hologram, which is the interference pattern, contains all necessary information required to reconstruct 2D size and 3D location of particle.
light is occluded or scattered by the particles, rendering the hologram unintelligible from speckle noise [13] and the violation of the assumption that the remaining unscattered reference wavefront is not severely affected by the particles that scatter light out of the beam. However, for particle sizes and densities of typical cloud conditions, this constraint is not experienced [6] . Finally, in-line non-beamsplitting means we cannot avail ourselves of any of the numerical aberration-compensation techniques such as those that require either off-axis [14, 15] or in-line beam-splitting phase-shifting setups (beamsplitting being necessary for phase-shifting) [11] to retrieve the phase and thus correct for aberrations. Therefore, we must control the system aberrations with optical methods. Although, to our knowledge, there are no aberration corrections to in-line, nonbeam-splitting holography, there are phase retrieval algorithms for in-line holograms that prove useful for removing the virtual images that appear around the real images in in-line holograms (e.g., [8] ).
Wavelength and Component Selection
We chose to use a UV wavelength to increase the sample volume-to make smaller particles resolvable at positions further from the real hologram. The maximum depth, z max , at which a particle is resolvable appears as
where D ap is the size of the aperture (camera size or lens input pupil size), D p is the smallest resolvable particle diameter, and λ is the wavelength. For the coherent illumination source, we selected a frequency-tripled, passive Q-switched, diodepumped solid-state Nd:YAG laser. It has an adjustable pulse rate up to 3 kHz, a pulse energy of ∼15 μJ per pulse, and a pulse width of <1 ns. The short pulse duration limits particle smearing to <0:2 μm during their illumination when flying at 200 m s −1 . The laser beam profile was stable and reasonably smooth for pulse rates between 1 and 2 kHz.
We chose to use an interline CCD to take advantage of its fast electronic shutter to keep sunlight from significantly affecting the holograms, despite the fact that full-frame readout CCDs have a few times more pixels. We selected the largest frame camera available within our budget that would fit inside a standard underwing canister. The camera uses the Kodak KAI-16000 35 mm format CCD chip that has 4872 × 3248 pixels, with a pixel pitch of 7:4 μm, which makes a 36 mm × 24 mm frame with a 43:4 mm diagonal. The camera was operated at 3:3 frames=s, with an exposure time of 650 μs. To avoid requiring a timing circuit, the laser pulse rate was set at the reciprocal of the camera's exposure time or about 1538 pulses=s. This ensured that every exposure of the camera had a single illuminating laser pulse. The intervening few hundred laser pulses that illuminated the interline CCD between exposures did not affect the image in the process of being read out. By operating at 355 nm, the CCD quantum efficiency was reduced to about 10% compared to about 50% at 532 nm wavelength. However, it was still sensitive enough to use without modificationincluding leaving the microlens array on the CCD surface and the antireflection-coated CCD cover glass intact.
Optical and Optomechanical Design
Because we ultimately want to measure particle positions and search for particle clustering, designing the instrument with the camera at the leading edge of flow was not desirable. The fixture to hold the camera would severely disturb the flow and would overwhelm the sample volume with shattered particles in the presence of large cloud ice particles. Therefore, an optical system was required to relay the hologram and image it on the CCD surface. Additionally, optical magnification was required to measure the smallest particles. To unambiguously resolve a particle requires that it fill more than about two adjacent pixels on a side. Therefore, the minimum magnification required can be defined as
where D pixel is the pixel diameter and D p is the smallest resolvable particle diameter. To unambiguously resolve the smallest particle size we are interested in (∼5 μm) with a 7:4 μm pixel camera required a optical magnification of approximately 3×. We also had to consider that the optical system would not have impractically tight tolerances on lens surfaces or their mounts. In the end, in an effort to constrain cost and complexity, we chose to design the system with a magnification of 2:5×.
In the far field, the scattering for in-line holography (by definition forward-scattering) is diffractiondominated, i.e., the small particles scatter light forward as if they were diffracting circular disks [6, 16] . So each particle can be considered as an opaque twodimensional (2D) aperture with a shape equal to its cross section. The NA of the diffracted light is given by
where λ is the wavelength and D p is the diameter of the particle. Therefore, the smallest particles in the sample volume will require the largest NA. Reducing the wavelength reduces the NA requirement and has the potential benefit of reducing the optical complexity. However, imaging systems designed for shorter wavelengths have a greatly reduced selection of optical materials with sufficient transmission, as most optical glasses are useless for wavelengths <350 nm. Finally, as mentioned previously, choosing an in-line, non-beam-splitting geometry meant we could not correct for aberrations during the numeric reconstruction process, i.e., use numerical aberration-compensation techniques. Thus we had to design an imaging optical system as aberrationfree as required to resolve the smallest particles throughout the sample volume. Other holographic systems have also required sophisticated multielement lenses. For example, Malone et al. [17] provided detail about a diffraction-limited nine-element lens that was designed to relay a hologram away from a harsh environment that would damage the delicate high-resolution holographic film. Additionally, highquality microscope objectives are routinely used in holographic microscopy to provide magnification and increase the system NA for high-resolution imaging [18, 19] .
As previously discussed, the airborne lens system needed to operate over a wide temperature rangefrom −65°to 35°C. Because of electrical power limitations on the aircraft, we chose to design the lens system so that it would not require active temperature control (i.e., as a passively athermalized system.) Therefore it had to be designed to account for the variation in index of refraction with temperature, the thermal expansion of the glass types and housing materials, and mount-induced deformations. Additionally, it is important to accurately measure the original sample volume. The sample volumewhich is numerically reconstructed from a single hologram-is a function of the optical system magnification. The reconstructed volume scales from the hologram as a function of the optical system magnification, xM × yM × zM 2 , where M is the optical magnification and x, y, and z are the spatial dimensions of the reconstructed volume. Therefore, uncertainty in the hologram magnification and uniformity across its field translates to uncertainty in the reconstructed particle position and size. Thus we chose to use an optically invariant magnification lens design known as double telecentric. A double-telecentric lens is an afocal optical system working as a finite-conjugate imaging lens-designed so both the object space and image space chief rays are approximately parallel to the optical axis. The design avoids magnification variance due to positional errors and has very low distortion. More details about this type of lens design have been discussed within the context of holographic optical data storage recording systems [20] .
The optical system was designed with a numerical aperture of 0.087-able to collect scattering from 5 μm diameter particles at the 355 nm wavelength illumination-and 2:5× magnification to unambiguously resolve down to 6 μm particles with the 7:4 μm CCD pixel size. The design required a 9:6 mm × 14:4 mm hologram to be relayed to a 24 mm × 36 mm CCD detector with diffraction-limited performance. To meet the performance requirements, the system required seven high-UV-transmission elements. The multielement lens system was optimized for athermal performance and minimal ray bending at each glass surface to relax the decenter and tilt tolerance. All the individual lenses were designed to remain within the decentration, tilt, and despace budget for the operating temperature conditions. During the optical design, changes in the best focus position of the lens were minimized over the complete temperature range. The system was optically modeled as a sealed barrel, so the atmospheric pressure scales with temperature.
The final lens design is shown in Fig. 2 . The substrate for the last element in the lens system was selected to be fused silica. This material has high transmission at 355 nm wavelength, but must be used carefully in a system that is operated over a wide temperature range, due to its large thermo-optic coefficient. This final meniscus element has relatively low optical power and functions as mainly as a corrector plate for temperature changes and image telecentricity. In the final design, the stop-also where the collimated laser beam focuses-ended up very close to the front surface of the fourth lens element. To avoid potentially damaging the lens, an absorptive neutral density (ND) filter was used to attenuate the laser (a 0.5 ND filter made from 0.91-mm-thick NG4 Schott glass (Schott AG, Germany), which had 8% T at 355 nm wavelength). After laser collimation and other aperture losses to flatten the beam intensity, the ND filter reduced laser energy entering the lens to approximately ∼0:7 μJ per pulse. The attenuation level was experimentally verified to not damage the lens material and to still have acceptable image contrast in a single laser shot. Although this approach worked well, the potential risk for lens damage (e.g., if the ND filter was mistakenly removed) remains somewhat unsatisfactory.
The lens mounting material-416 stainless steel-was selected during the athermalization optimization of the lens system. Its linear expansion coefficient (9:9 × 10 −6 =C) is a close match to the remaining glasses used (ranging from 6.6 to 8:2 × 10 −6 =C), which minimizes stress-induced birefringence that could degrade performance. The steel was chemically blackened by a black oxide treatment to reduce stray light.
Following a technique described by Yoder [21] , each lens element was mounted and aligned precisely within a subcell, or "poker chip," that could be inserted in sequence into a precision-bored inner diameter of the main lens tube. Each subcell was designed with a tangential shape interface to the convex lens surface. This shape provides an even distribution of pressure on the optic and provides an area that is as large as practical (i.e., forces are distributed evenly and not concentrated on a few points). The lens elements were aligned to less than 10 μm decenter and 0:2 mrad tilt within each subcell and secured with a flexible epoxy adhesive (3M 2216, 3M, USA). Retainer rings were used to axially constrain the stack of subcells in the main lens tube.
The system was flushed with dry nitrogen during assembly and then sealed with a thin bead of flexible epoxy to keep moisture, dust, and other contaminants from entering and depositing on the optical surfaces. The final optomechanical design is shown as an exploded view in Fig. 3 .
Experimental Results
After the lens was assembled, it was arranged on an aluminum optical breadboard for testing with the laser, camera, and delivery optics, as shown in Fig. 4 . Resolution tests were performed with a 1951 USAF (U.S. Air Force, USA) positive optical test pattern (glass slide with chrome pattern) as the principal test object. The 355 nm laser beam was expanded, intensity-flattened (aperture applied to clip low intensity wings of the Gaussian beam), collimated, and used to rear-illuminate the target.
The assembled lens relays and magnifies whatever is located at the object plane onto the camera CCD surface (i.e., the image plane). In the case in which the target is positioned at the object plane, a conventional image is formed. When the target is located away from the object plane (i.e., the conventional image is out of focus) a hologram is formed at that location, and the real hologram is relayed to the camera. A conventional image of the resolution target obtained with the assembled optical system is shown on the left side of Fig. 5 . The line-pairs of the resolution target have bar widths that range from 7.8 to 4:4 μm and 3.9 to 2:2 μm, for groups 6 and 7, respectively. Since determining the resolution can be potentially subjective, a black and white threshold was applied to the original image to provide a check. The filtered image is shown on the right side of Fig. 5 .
The conventional images demonstrate that the optical system provides a resolution down to the detector limit. The resolution is limited by the 2:96 μm effective pixel size of the camera (7:4 μm actual pixel size divided by 2:5× optical magnification). Target line-pairs that are about the same size as the effective pixel sizes and smaller have varying degrees of cross talk, and therefore appear to have higher or lower resolution depending solely on the position of the target. For example, the horizontal line-pairs for group 7, element 4, are clearly resolved in the black and white threshold image; however, these lines have a bar width of 2:8 μm, which is below the effective pixel size of the system.
A. Testing to Measure Resolution over Full Temperature Range
To test the temperature performance of the optical system, the complete test setup-lens, laser, camera, and delivery optics, all mounted on an optical breadboard-was placed in an environmental chamber. The laser and camera were temperature-regulated to maintain temperature at 25°C. The resolution target was placed at ∼135 mm from the object plane, and images were obtained with the chamber temperature at 20°C, 0°C, −20°C, −40°C, and −65°C. The lens temperature was monitored with two thermocouples and allowed to come to equilibrium with the chamber air temperature before collecting the images.
The digital holograms collected at each temperature were processed exactly as in Fugal et al. [22] . They were reconstructed to form the sharpest image by adjusting the reconstruction distance to the target. There was no degradation in image quality in the reconstructed images over the full temperature range. In other words, there was no change in the smallest resolvable line-pair with temperature. The reconstructed best focus of the target decreased 0:2 AE 0:05 mm from 20°C to −65°C. The expected change in expansion of the aluminum breadboard generally accounts for this shift. The contraction in distance between laser expansion and collimation lenses mounted on the aluminum breadboard also slightly altered the laser collimation.
B. Reconstructed Hologram Resolution throughout Sample Volume
Tests were conducted to measure the reconstructed hologram image quality throughout the desired sample volume (shown as a dotted box in Fig. 4 ). For this test, a USAF pattern wheel was used as the test object. A conventional image of this target was obtained with the assembled optical system and is shown in Fig. 6 . The repeating pattern allowed us to measure resolution at different field points of the imaging system. The target was positioned so that four of the smallest sections of resolution patterns were visible within the imaging field-of-view. These sections are identified in Fig. 6 with white boxes, and the distance from the target center is labeled. The radial distances ranged from 2:3 mm to 7:3 mm from the target center. The physical size of the imaged portion of the target was 9:6 mm × 14:4 mm-an area of 1:38 cm 2 .
The volume resolution tests were performed at room temperature with the target placed at distances of 10, 25, 75, and 150 mm from the assembled lens object plane. In the same manner as described above, the holograms were reconstructed to the sharpest image by adjusting the effective distance to target within the reconstruction code. The smallest resolvable feature size in the reconstructed target was measured at each distance for each of the four under worst-case test conditions. Right image has black and white threshold filter applied to help identify resolution limit. Target was positioned 152 mm from object plane, and image is zoomed in to show test pattern at 7:3 mm radial distance from target center. Last horizontal and vertical line-pair with all three bars distinguishable is group 6, element 3, which has a bar width of 6:2 μm. radial locations on the target. The smallest resolvable line-pair on the test pattern image was determined visually for both vertical and horizontal line patterns. Figure 7 shows the reconstructed hologram for the worst-case test conditions. The target was positioned 152 mm from the object plane, and the image is zoomed in to show the test pattern at 7:3 mm radial distance from the target center. The image on the right had a black and white threshold filter applied to help identify the resolution limit. Although the simple thresholded image is slightly noisy, the last line-pair with all three bars distinguishable is group 6, element 3, which has a bar width of 6:2 μm.
The complete results of the resolution volume test are shown in Fig. 8 . The smallest resolvable horizontal and vertical line-pairs were averaged to calculate the effective resolution limit. The effective 2D resolution was found to be better than 6:5 μm for target distances up to 150 mm at all of the radial positions measured. The loss in resolution at the higher radial positions is likely due to edge effects. Based on these results, it was estimated that at least 75% of the central area of the imaging system field-of-view-an effective area of about 1 cm 2 -will provide this resolution for a distance of up to 15 cm from the object plane. Therefore, the test demonstrates that the holographic imaging system has a resolution of <6:5 μm within a volume of 15 cm 3 .
Conclusions
An in-line holographic imaging system was developed to achieve a significant improvement in the measurement of cloud and small ice particle size distributions. The conditions that shaped the design space and the resulting imaging system requirements were discussed. The design details were given regarding how the lens was constructed and tested. Laboratory tests using a resolution target demonstrated the optical resolution and athermal performance from −65°C to 20°C. The system was demonstrated to have a resolution (of target line-pair bar widths) <6:5 μm within a 15 cm 3 volume. This volume is sufficiently large that statistically relevant size distributions of cloud particles can be obtained within a spatially localized volume.
Since the completion of this work, the optical system has been integrated into a flight-certified prototype instrument aboard the NSF/NCAR GV aircraft. The instrument was successfully operated during its first test flight in August 2009, and on subsequent flights in January of 2010. Holograms of ice particles were obtained on several flights. Additionally, holograms were collected during ∼20 min of flight in liquid water clouds during the final test flight. The collection of holograms should provide a data set that can demonstrate the instrument's ability to measure cloud particles in situ.
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